Introduction 187, and 20.9 s, respectively, which correspond to uncaging quantum efficiencies (Q u ) of 0.00007, 0.012, and Delivering biological effectors to cell and tissue culture samples with temporal and spatial precision is useful 0.040 mol/ein, respectively. The maximum measured concentration of anisomycin was reached after 100 s for elucidating complex physiological processes. One method for regulating the action of biological effectors of irradiation of Bhc-Aniso. Thus, Bhc-Aniso possesses superior uncaging kinetics when compared to the other utilizes a photolabile-protecting group to render a biological effector inactive ("caged") until it is exposed to compounds, and with an uncaging action cross-section (d u ) of 0.59 GM, it has sufficient sensitivity to two-phoa flash of UV light. This cleaves away the protecting group ("uncaging"), resulting in a rapid increase in the ton excitation for biological use ( Figure 2B ) [5, 11] . Spectroscopic and photochemical (1-and 2-photon) effector concentration. A number of photolabile-protecting or "caging" groups have been developed for data for the caged anisomycins are summarized in Table 1. All of the caged anisomycin compounds were this purpose [1] [2] [3] [4] , including p-nitrobenzyl (p-NB), 4,5-dimethoxy-2-nitrobenzyl (DMNB), and 6-bromo-7-hydrostable in the dark and behaved similarly under simulated physiological conditions: 98.1% of p-NB-Aniso, xycoumarin-4-ylmethyl (Bhc) [5] , the latter of which is especially useful for controlling the three-dimensional 97.8% of DMNB-Aniso, and 96.5% of Bhc-Aniso remained after 19 hr at 24°C and pH 7.2 (data not shown). spatial release of biological effectors because of its sensitivity to two-photon excitation [6] [7] [8] [9] [10] [11] . Many caged LC/MS monitoring of the dark hydrolysis of Bhc-Aniso revealed that the disappearance of substrate is not a activators of biological function, such as neurotransmitters and second messengers, have been generated result of hydrolysis of the carbamate linkage but, rather, the loss of the acetate at C3 of anisomycin. No products resulting from carbamate hydrolysis were ob-*Correspondence: schumane@caltech.edu (E.M.S.); tdore@chem.
served during the time course of the experiment (190 hr).
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The ability of the caged anisomycin compounds to inhibit protein synthesis was then assessed with an in added to in vitro translation reactions at a final concentration of 40 M ( Figures 3A and 3B ). The potency of vitro translation assay. Bhc-and DMNB-caged anisomycins were activated by exposure to 280-390 nm light the uncaged compounds in inhibiting protein synthesis was compared to unmodified anisomycin (40 M). for 0.5-10 s. After UV exposure, the compounds were DMNB-Aniso demonstrated a significant inhibition of protein synthesis after 10 s of UV exposure but little inhibition after 2 s of exposure ( Figure 3A , lanes 1 and 3). The Bhc-Aniso was able to completely inhibit protein synthesis after as little as 2 s of exposure ( Figure 3A , lanes 2 and 4). Both Bhc-and DMNB-Aniso compounds were stable and showed no inhibition of synthesis after 45 min of exposure to ambient light when compared to the vehicle control ( Figure 3A , lanes 6-8).
Because Bhc-Aniso possessed equal stability and greater uncaging efficiency than the DMNB-Aniso, it was chosen as the compound to use for the local inhibition experiments. Further characterization of the Bhc-Aniso, carried out with irradiation at 365 ± 10 nm, indicated that complete inhibition of protein synthesis could be achieved after 1.4 s of exposure or less ( Figure  3B ). Note that p-NB-Aniso was also able to inhibit protein synthesis after UV exposure, but the required time of exposure, 5 min, and concentration, 400 M, were prohibitively high (data not shown).
We determined the effects of UV light on cell viability in order to ascertain tolerable levels of UV exposure. To accomplish this, we exposed cultured hippocampal neurons to UV light of variable duration and then conducted propidium iodide labeling. We found that neurons tolerated a continuous UV-light exposure of up to 1 min ( Figures 3C and 3D ). Exposure times of 2.5 min or greater led to significant neuronal death; thus, in subsequent experiments, the total UV exposure experienced by cells was always less than 1 min.
To visualize protein-synthesis inhibition dynamically in intact cells, we used a GFP reporter [31] and moni- GFP synthesis (Figures 4A and 4D ). Thus, we were able to locally inhibit synthesis in cells in one region of the acquired ( Figures 5B and 5D ). In contrast, neurons exposed to UV light in the presence of Bhc-Aniso did culture dish while maintaining uninterrupted protein synthesis in other cells in the same dish.
not exhibit an increase in dendritic fluorescence but showed a small decrease in fluorescence over time There is a concern that UV exposure itself may bleach the GFP signal and thereby simulate the pre-( Figures 5C and 5D ). In control experiments, neurons exposed to UV light in the absence of Bhc-Aniso dicted effects of protein synthesis inhibition in the cells. We found that this was not the case with our UV-expo-("flash") or neurons exposed to DMSO vehicle exhibited increases in dendritic protein synthesis comparable to sure protocol. Cells expressing GFP and exposed to UV (in the absence of Bhc-Aniso) showed a steady inthose exposed to Bhc-Aniso without UV exposure (Figure 5D ). The inhibition of protein synthesis induced by crease in GFP fluorescence that was statistically indistinguishable from the increases in fluorescence demonuncaging was indistinguishable from that observed in neurons that were treated with anisomycin (40 M) (Figstrated by unexposed controls ( Figures 4B and 4D ). Compromised cell health was another concern beure 5D). This indicates that our uncaging protocol inhibits protein synthesis with the same efficacy as bath apcause UV exposure or any free radicals generated in the uncaging process could damage the cells. We asplication of an unmodified protein-synthesis inhibitor. We next addressed the spatial specificity of our unsessed by morphological examination and propidium iodide (PI) staining of the UV-exposed cells. The cells caging protocol by examining the degree of proteinsynthesis inhibition as a function of distance from the expressing the reporter and exposed to UV irradiation did not exhibit any obvious morphological abnormaliuncaged region. Time-lapse imaging of HEK293 cells expressing a GFP reporter were obtained before and ties or sequester PI, indicating that cell health was not compromised by our uncaging protocol (Figures 4C during uncaging of Bhc-Aniso. We analyzed the change in fluorescence in cells at increasing distances from the and 4D).
We next examined the ability of Bhc-Aniso to inhibit uncaging spot. Cells in the center of the spot exhibited maximal decreases in fluorescence levels that were eviprotein synthesis in neurons expressing the GFP reporter. We positioned a fiber optic light source in order to dent 60 min after the onset of uncaging and persisted for at least 3 hr ( Figure 6 ). These decreases were maxiuncage Bhc-Aniso in the neuron ( Figure 5A ). We then monitored GFP fluorescence levels in the dendrites of mal within 100 m from the center of the uncaging spot ( Figure 6C ). In contrast, cells outside the uncaging spot control neurons and neurons exposed to the uncaging protocol. In control neurons (Bhc-Aniso was applied in showed constant or, in some cases, increasing levels of fluorescence during the experiment ( Figure 6C ). Prothe bath but no UV light was administered; "caged"), there was an increase in GFP fluorescence observed in pidium iodide exclusion assays indicated that UV exposure did not alter the low background levels of cell the dendrites over the 3 hr during which images were The top panels show a representative cell that was treated with Bhc-Aniso uncaged by UV exposure (mean fluorescence intensity decreased by 15.8% at 60 min and 42.8% at 120 min). The bottom panels show a cell from the same dish that was treated to Bhc-Anisomycin but had no UV exposure (3.2% increase at 60 min and 20.0% increase at 120 min). (B) UV exposure alone does not inhibit GFP synthesis. The top panels show a representative cell that was treated with vehicle and UV exposure (12.9% increase at 60 min and 23.4% increase at 120 min). The bottom panels show a cell from the same dish that was outside the UV-exposed region (9.2% at 60 min and 14.3% at 120 min). Scale bar, 10 m. (C) Protein synthesis can be locally inhibited by the spatially restricted uncaging of Bhc-Aniso. The leftmost panel shows the relative positions of the UV-exposed ("uncaged"; top) and -unexposed ("caged"; bottom) cells (scale bar, 50 m). The middle panels show the two cells at 0 and 60 min (24.7% decrease at 60 min for "uncaged" cell, 11.3% increase at 60 min for "caged" cell); scale bar, 10 m. The right panels show propidium iodide exclusion by each cell at the conclusion of the experiment (green, GFP; red, propidium iodide; scale bar, 50 m). Lookup table shows scale of fluorescence from no signal (black) to saturated (white). (D) Summary data for local inhibition experiments in CHO cells. Cells incubated in Bhc-Aniso and exposed to UV (uncaged) displayed a significant decrease over time when compared to cells exposed to Bhc-Aniso without UV (caged), UV alone (exposed), and untreated controls (unexposed) (p < 0.01 for all controls at 60 and 120 min). The caged, exposed, and unexposed groups were not statistically different from each other. N (cells) for each group are as follows: uncaged (6); caged (10); exposed (6); and unexposed (6) . Error bars represent the standard error of the measurement. death observed in HEK293 cells. These experiments inambient light, and it is efficiently photolyzed. The photochemical studies on Bhc-Aniso, DMNB-Aniso, and dicate that spatially restricted inhibition of the GFP reporter synthesis can be achieved.
p-NB-Aniso show that the Bhc-caged anisomycin is far more sensitive to single-and two-photon-mediated release of the drug than the DMNB-or the p-NB-caged Discussion versions. Significant amounts of anisomycin are liberated from Bhc with limited UV exposure, thereby miniWe have described a method for the light-controlled mizing any toxic effects to cells. Its rapid rate of uninhibition of protein synthesis with a caged protein-syncaging may also enable high temporal precision of thesis inhibitor, Bhc-Aniso. We have shown that we can protein-synthesis inhibition because a high concentrasignificantly inhibit protein synthesis in cells in one retion of anisomycin can be rapidly generated. gion of a culture dish while allowing protein production to go unhindered in other cells (w200-500 m away) in the same dish. Additionally, this spatially restricted Significance inhibition of protein synthesis had no visible detrimental effect on cell health over the time frame of our exIt is now possible to inhibit protein synthesis with both spatial and temporal precision. We have demonperiments (2 hr). Bhc-Aniso is stable in the presence of Quantum efficiencies, Q u , were determined in KMOPS-buffered soreverse-phase columns. KMOPS buffer consisted of 100 mM KCl lutions (3 ml) of the caged anisomycins (100 M) as previously deand 10 mM MOPS titrated to pH 7.2 with KOH. Thin-layer and colscribed [5, [35] [36] [37] [38] . Briefly, samples were irradiated with 365 nm umn chromatography were performed on precoated silica gel 60 light from a mercury lamp (Spectroline SB-100P; Spectronics Cor-F 254 plates (EM Science) and 230-400 mesh silica gel 60 (EM Sciporation, Westbury, NY). The spectral output of the lamp is a distrience), respectively. bution across the UV-A wavelengths (310-400 nm) with an intense band at 365 nm. After a period of irradiation, a 20 l aliquot of the solution was removed for analysis by HPLC with an isocratic mix-N-(4-Nitrobenzyloxycarbonyl)anisomycin (p-NB-Aniso, 3a)
ture of 50% acetonitrile and 50% water containing 0.1% trifluoroAnisomycin (1, 90.2 mg, 0.34 mmol), 4-nitrobenzylchloroformate acetic acid (flow rate of 1 ml/min). Absorbance was detected at 325 (2a, 75.3 mg, 0.34 mmol), and sodium carbonate (40.7 mg, 0.38 nm (Bhc-Aniso), 345 nm (DMNB-Aniso), 270 nm (p-NB-Aniso), and mmol) were stirred in anhydrous THF (4 ml) for 2 hr. The reaction 225 nm (Anisomycin). The progress curves were plotted as simple was filtered, and the solvent was removed by rotary evaporation, decaying exponentials. Quantum efficiencies were calculated with leaving a yellow oil, which was purified over silica gel with ethyl Q u = (Ist 90% ) −1 , in which I is the irradiation intensity in ein , cm −2 , acetate/toluene (1:1) 
Determination of Dark Hydrolysis Rates of Caged Anisomycins
Substrates were placed into a KMOPS-buffered solution and stored in the dark at room temperature. HPLC analysis was carried out N-(4,5-Dimethoxy-2-nitrobenzyloxycarbonyl)anisomycin periodically as described for the quantum efficiency measure-(DMNB-Aniso, 3b) ments. The identity of the hydrolysis products was determined by Prepared in 67% yield as described for 3a but with chloroformate LC/MS. 2b. 
In Vitro Translation Experiments N-([6-Bromo-7-hydroxycoumarin-4-
A given caged anisomycin compound (4 mM in DMSO) was exyl]methyloxycarbonyl)anisomycin (Bhc-Aniso, 3c) posed to 280-390 nm or 365 ± 10 nm light (filters from Chroma Adapted from Iino et al. [34] . Chloroformate 2c was prepared by Technology, Corp., Brattleboro, VT) for the given amount of time. adding a 20% phosgene solution (1.26 ml, 2.22 mmol) via syringe
The UV exposure was delivered through a 20× objective (N.A. 0.46) to a solution of 6-bromo-7-hydroxy-4-hydroxymethylcoumarin (100 on an Olympus Provis AX 70 microscope with a 100 W mercury arc mg, 0.37 mmol) in dry THF (4 ml) under nitrogen. The solution was lamp as the light source. After exposure, the caged compound (or stirred for 1 hr and then purged with nitrogen to concentrate it to an anisomycin or a vehicle control) was added at a final concentraapproximately half the original volume. In a separate reaction vestion of 40 M to an in vitro translation reaction (Promega, Madison, sel, an aqueous solution of 1.0 M sodium carbonate (0.34 ml) was WI) with [ The level of incorporation after incubation with the inhibitor or conml). The solution of chloroformate 2c was added dropwise over 10 trol was assessed by SDS-PAGE. min to this mixture while stirring and cooling on ice. The reaction mixture was stirred at room temperature for 1 hr. After addition of another solution of chloroformate 2c prepared as described above, Local Inhibition Experiments in CHO Cells CHO cells were maintained and propagated under standard condithe mixture was stirred for 2 hr. The reaction was quenched with 15% citric acid, diluted with chloroform, and extracted with water.
tions (5% CO 2 in Ham's F12 medium containing 10% fetal bovine serum). Prior to transfection, cells were grown in 35 mm culture The organic layer was dried (MgSO 4 ) and evaporated to a residue on the flask wall. The crude product was purified by flash-column dishes or 6-well plates at 95% confluence. Cells were transfected by utilizing Lipofectamine 2000 (Invitrogen, Carlsbad, CA) with a chromatography (ethyl acetate/hexane 6:4) to yield 31 mg (0.055 mmol, 35%) of product. ; ESI MS (m/z): MH + 562, 564. Samples for characterization, images varied depending on the original fluorescence level of the cells but was kept constant for each dish (both experimental and placed with a 510-nm bandpass filter in order to image the exposed area during the experiment. The data was analyzed by fitting a control cells) throughout the experiment. Cell health was assessed after each local inhibition experiment in CHO cells by propidium 488 × 288 pixel (678 m × 400 m) ellipse over the uncaging region as determined by the image taken with the 510-nm bandpass filter iodide (PI) exclusion. Cells were incubated in PI solution (50 g/ml) for 5 min and then washed with HBS. They were subsequently im-(because the fiber optic came at an angle, the exposed region at the plane of the cells was an ellipse instead of a circle). Concentric aged in HBS to assess cell health. The change in GFP fluorescence was quantified by expressing the percentage change in total mean ellipses scaled up or down by 100-m increments (for both the major axes of the original ellipse) were overlaid on the original fluopixel intensity from the 0-min time point to the 60-min or 120-min time point (ImageJ). For comparison of conditions, a one-way rescent images with a custom macro in ImageJ. The fluorescence between these ellipses was measured and compared across time ANOVA was performed with the LSD post-hoc test (α = 0.05).
points to measure the change in fluorescence as a measure of distance from the center of the uncaging spot. Semiellipses on the Local Inhibition Experiments in Neurons top half of the image were analyzed separately from the semielDissociated hippocampal neuron cultures were prepared from lipses on the bottom half in order to determine whether the inhibipostnatal 2-and 3-day rat pups as described [41] . Neurons were tion was symmetrical on both sides of the uncaging spot. The meaplated at a density of 15,000-45,000 cells/cm 2 onto poly-L-lysinesurements on the x axis of the plots in Figure 5C range from the coated cell-culture dishes (MatTek). The cultures were maintained top (outer) semiellipse (−400 m) to the bottom (outer) semiellipse and allowed to mature in growth medium (Neurobasal-A supple-(400 m). mented with B27 and Gluta MAX-1) for 14-21 days before use. Dissociated hippocampal neurons were incubated for 30 min in growth Confocal Microscopy medium with the Sindbis virus (construction and production of Confocal images were acquired in 0.5-m sections; image analysis Sindbis virus containing the 5# myr dGFP3# reporter has been prewas conducted on z-compressed image stacks, which contained viously described) [31] , washed with a HEPES-buffered solution the entire neuron of interest. GFP was excited at 488 nm, and emit-(HBS), and placed back in clean growth medium. After the incubated light was collected between 510-550 nm. Images were action, the growth medium was removed and replaced with HBS conquired with parameters that maximized the dynamic range of pixel taining 5 mM ascorbic acid (pH 7.4) and either caged anisomycin intensity for the dendritic signal. The cell-body fluorescence inten-(80 M), standard anisomycin (40 M), or DMSO (0.05%). Bhcsity was necessarily, occasionally saturated by using these paramAniso (80 M) was used so that after the loss of product because eters. Analysis was performed on the major dendrite of neurons of uncaging, the total uncaged anisomycin would be approximately exhibiting a pyramidal neuron-like morphology. 40 M and, thus, comparable to the standard anisomycin used in controls (see Figure 1B) . The cells were incubated for 1 hr in this Acknowledgments medium at room temperature. The dish was then imaged by confocal microscopy (see below), and one cell (or set of cells) was exThis research was supported by the Howard Hughes Medical Instiposed to 360 ± 10 nm light (Oriel) for 45 ms every 11 s (0.095 Hz) tute, the National Institutes of Health (MH065537, E.M.S.), the Unifor 3 hr, with a total exposure time of 44.2 s for the entire experiversity of Georgia Research Foundation, an award from the Rement. Flash duration was controlled with a Uniblitz shutter driver search Corporation (T.M.D.), and a University of Georgia Thomas (Vincent Associates, Rochester, NY), and the UV exposure was deWhitehead Scholarship in Chemistry for summer research (S.J.P.). livered through a 400-m optic fiber (Rapp OptoElectronic, Ham-
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